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Abstract 
In order to master the real-time vibration state information of vehicles in driving process and reduce the 
rollover probability of vehicles. A kind of method based on micro-nano acceleration sensor of monitoring 
the vibration of vehicles on-line is proposed. The change of capacitance in the sensor is in proportional 
relation to the vibration acceleration of vehicles. According to this characteristic, we can acquire the 
vibration acceleration magnitude by monitoring the change magnitude and direction of the capacitance. 
The experimental results and theoretical analysis show that this sensor has the advantages of high 
precision, good stability and linearity, high sensitivity. It can correctly reflect the vibration state of 
vehicle when running  
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Harbin University 
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1. Introduction 
Nowadays, with the demand of rapid development of economy, the traffic transport industry develops 
faster and faster. At the same time the accidents of vehicle transporting are more and more frequent. And 
these transportation accidents cause a serious threat to social security and life and property. Such as: one 
tanker car transporting xylene rollovered at Zhuji city in the Zhejiang province on March 22, 2006, which 
caused the leakage accident; one tanker car loaded with propylene was extruded and impacted when 
walking through a culvert on February 25, 2007 in Xi'an city, which leaded to the propylene gas leak and 
caused the interrupt traffic of Xi Tong high-speed highway for 28 hours and evacuated more than 7000 
people of the surrounding residents. One of the main reasons that caused this series of disastrous accident 
                                                          
* * Corresponding author. Tel.: 13831193912. 
E-mail address: luckywqm@126.com. 
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
1214  Wang Qingmin et al. / Procedia Engineering 29 (2012) 1213 – 12172 Wang Qingmin/ Procedia Engineering 00 (2011) 000–000 
is that the amplitude of vibration of vehicle is too big when they are travelling or be collided. Therefore, 
how to realize the remote monitor to the vibration state of transporting dangerous goods is the problem 
that must and should be solved for the department of the management of road transport and the industry 
that transport dangerous goods. The randomly selected 20 accidents reason statistics of vehicles loaded 
with dangerous goods happened in china in 2009 is shown in table1. From this table we can see that the 
accidents due to vibration acceleration were too big accounted 40% of the all accident reasons.  
Table 1 accidents reason statistics  
 
 
 
 
Due to their own inevitable shortcomings, such as poor anti disturbance capability, easy to ageing, 
poor reliability, easily distortion of test data, conventional inertia displacement sensors and the 
corresponding signal conditioning device are not suitable for long-term dynamic monitoring. Furthermore, 
the test system of these conventional sensors is complex and the testing cost is very high. Thus, one new 
dynamic testing system is urgent needed to be developed to make up for the shortcomings of conventional 
test systems. 
The micro-nano acceleration sensor is a kind of technology that design, process, manufacture, 
measure and control in the silicon material. And the micro silicon acceleration sensor is just the new type 
of sensor that develops using special machining method to manufacture in silicon by MEMS technology. 
And it is currently one of the most attractive vibration sensors. It has such advantages as small volume, 
high stability, high reliability, strong electromagnetic interference resistance, low cost.  
2. Test principle of micro-nano acceleration sensor  
2.1. principles 
The sensitive part of the micro-nano accelerometer is usually a comb structure. The comb structure 
consists of three parts: that capacitance consists of an upper part of the fixed electrode and the movable 
electrode, that capacitance consists of lower part fixed electrode and the movable electrode, and the mass 
part of the canter [1]. The sensor is mounted on the outer wall of the vehicles that transporting dangerous 
goods and vibration information can be transferred to these sensors at the time. The two capacitances will 
changes when the sensor bears vibration, which leads to the electric capacity change of the two 
capacitances. This change can be converted into an electrical signal change through the line switching. 
The output voltage will feedback to the capacitive electrostatic actuator through the phase sensitive 
amplification. And the electrostatic torque generated by the capacitive electrostatic actuator will balance 
with the inertia torque, so that the movable mass block will be in the original equilibrium position [2]. We 
can measure direction and the size of the input acceleration through the positive or negative of the 
feedback voltage and size.  
By monitoring the capacitance variation and converting the capacitance changes into the feedback 
voltage signal, we can calculate the vibration parameters of vehicles. 
2.2. Theoretical analysis 
MEMS silicon micro capacitance sensor for sensing process is realized through monitoring the 
magnitude and direction of the feedback voltage of the movable mass that is caused by the change of 
outside parameters. Under external excitation force or inertial force: F=ma, the movable mass will 
migrate. This makes the moving plate C1, C2 on both sides of the capacitor change. The capacitance 
difference of both sides is detected by capacitance detector after sine wave signal modulation [3]. And the 
static electricity generates between the two plates of the capacitor. This static electricity torque makes the 
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detection mass remained at zero point. It equals to the external excitation torque in magnitude, but in the 
opposite direction. When the system is in equilibrium, the inertial force and the feedback force are in 
balance. The structure of micro-nano sensor is shown as figure1. If the capacitor is regarded as ideal plate 
capacitor and the gap of upper and lower capacitance are equal, then the electrostatic feedback force is 
[4~5]: 
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In the formula，a—Inertial acceleration； 
                                     m—The mass of the mass block； 
                           d—capacitive gap of upper or under 
capacitor； 
                                     S—total area of the capacitor plate； 
                                      e—dielectric constant； 
                                     DCV —DC bias。 
So 
k
m  is constant and this show that vibration acceleration is proportional to the feedback voltage. 
By measuring the magnitude and direction of the feedback voltage we can obtain the magnitude of 
acceleration. The magnitude of vibration can be obtained after intergraling the acceleration value twice. 
3. Experiments and testing system 
3.1. Test system 
 
The micro-nano sensor vibration sensing measurement device is shown as figure2. Under the action of 
external exciting force, the capacitance of C1 and C2 of the sensor will change. And the feedback voltage 
is obtained through modulating and demodulating the change of the capacitance. And the feedback 
voltage arrives at the intermediate plate. This make the movable mass remain constant. By detecting the 
magnitude and direction of the feedback voltage we can obtain the magnitude of acceleration. The 
amplitude of vibration can be obtained by intergraling the acceleration value twice and corresponding 
analyzing of data acquisition software.  
The micro-nano sensors of Vibration monitoring system are mounted on the 1/2 of the surface of the 
tank model. Because the sensing head is just a sensitive element on the silicon wafer that is made by 
using micro machining method. The sensing element itself is relatively weak and can not be called a 
Fig 2 Schematic diagram of experimental test 
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Figure 1 The structure of micro-nano sensor 
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complete senor in function. So, the sensitive element must be packaged together with corresponding 
signal conditioning circuit to realize the practical application. When packaging the sensing head, we must 
do the following three points:  
1) Because the sensor application environment is adverse, the package of the sensor select stainless 
steel material which has strong resistance of corrosion, furthermore the container material of the vehicles 
that transport dangerous goods are usually made of stainless steel. Thus the two objects will have the 
same elastic modulus, and the vibration information of vehicles can be synchronized transmitted to the 
sensing head, ensuring the accuracy of test data. 
2) The gap between sensor head and the package shell should be filled with glue. And the glue must 
be have the same elastic modulus with the stainless steel, so that the sensing head, filling glue, package 
can maintain synchronization under the same external force. In addition, the sensing head and the package 
shell must be strictly parallel, alignment; so as to make the test data is accurate. 
3) The sensor after having been packaged must be repeatedly experimented under the water pressure 
ensures that the package of the sensor is good and can adapt to the external environment. 
Experiments vehicle model parameters that transport dangerous goods are as follows: the body 
length (l) * width (d) * height (h) =1.5m * 0.8m * 1.2m, the package wall thickness (D) = 0.008m, 
stiffness EA = 5 * 105N. For comparison, one electric vibration exciter is connected to the bottom of the 
car. We can control the vibration size and frequency of the car through the vibration exciter. At the same 
time, the traditional test method is adopted to be in comparison: BK's piezoelectric type acceleration 
sensor ( 4376) and a charge amplifier are selected to obtain the acceleration response of the car. The 
output of the amplifier connects with anti-aliasing filter, DASP data acquisition processor for data 
acquisition and processing to get the vibration information of vehicle. According to the formula A = a*sin 
(ωt+φ ), where ω=2πf. Then we can get the vibration amplitude value after calculation, where a is the 
vibration acceleration, f is the frequency of vibration, φis phase. 
Table 2 vibration amplitude value of measurement  
 
 
 
 
 
 
The data that showed in table2 is the respective vibration value on the standard straight road at 
different test time acquired through micro-nano sensor and piezoelectric sensor. 
After many experiments, we find that the amplitude of vibration using micro-nano sensor is almost 
the same with those using the piezoelectric acceleration sensor. However, the method using micro-
nanosensor is simpler than using piezoelectric sensor. Furthermore, the test system that use micro-nano 
sensor is simple, low cost, easy operation and no special requirement on the testing personnel. This test 
system can measure vibration information of different range and can achieve high precision. Combination 
with vehicle terminal and the remote monitoring centre, the micro-nano monitoring system can analyze 
the vehicle state information according to a large number of test data. It analyzes the state information of 
vehicles of different vibration amplitude and analyzes that in which range of vibration amplitude the 
vehicles are easier to rollover or easier to cause catastrophic accidents. It has the function of automatic 
alarm when the vehicles are close to the dangerous threshold or accidents happen and remote monitoring 
centre can issue corresponding command or remind signals to the driver or issue rescue signal to the 
recent rescue centre when accident happens in the first time.  
Testing time Micro-nano sensor A1/cm Piezoelectric sensor A2/cm Error (︳A1- A2︱) /cm 
1 8.53 8.96 0.43 
2 9.05 8.99 0.06 
3 8.66 8.63 0.03 
4 8.84 8.91 0.07 
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3.2. Vehicle terminal and remote monitoring center 
Vehicle terminal can real-timely extract, calculate, display, code and transmit the vibration data 
acquired through micro-nano sensors. And it has solved such key problems as protocol conversion, 
information transmission and on scene warning. It mainly consists of four modules: 
1) Data acquisition and processing module: responsible for interacting data information with sensors 
and extract real-time data to process. 
2) Scene data storage and output module : using CF card of wide temperature range to store the raw 
data and processed information of acquisition node in the form of text file or binary file and displaying 
the data in graphical form or outputting and printing the data. 
3) Alarm module: The terminal will alarm at the scene when testing the vibration amplitude exceeds a 
predetermined value and the alarm information will be automatically transmitted to the remote monitoring 
centre through the wireless communication module.  
4) Wireless communication module: This module mainly solves the problem of bidirectional 
communication between the terminal and monitoring centre that is based on GPRS transmission channel 
and 3G communication network realize data information transmission in bidirectional. 
The remote monitoring centre mainly completes the data receiving and sending. And it consists of 
multi-source data integration, data statistical analysis, early warning and accident handling which are 
based on GIS. It can realize the function as integration management of monitoring information, analysis, 
early warning and handling of the accident and can solve the core problems of multi-source monitoring 
data and spatial data integration, the model of early warning of dangerous goods and so on. 
4.  Conclusion 
Theory and experiment show that the new micro-nano sensor system for monitoring the vibration 
state of vehicles that transport dangerous goods has the advantages of simple structure, good stability and 
linearity, high signal-to-noise ratio. Especially, this sensor has high sensitivity: Accelerations in all 
directions can be reliably and exactly detected up to 0.00025 g/0.25º tilt change. This property makes the 
monitoring centre can grasp the actual movement of vehicles. Through the early warning system, the 
control centre and the vehicle driver can action timely to minimize and reduce the occurrence of disasters 
in great degree. The testing system together with the vehicle terminal and remote monitoring center can 
realize remote, real-time and on-line monitoring the vehicles loaded with dangerous goods. We can get 
the running rule of vehicles through analyzing a large amount of vehicle vibration curves. And then guide 
the driver of vehicle how to reduce accidents to happen.  
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